Tobacco use is the major preventable cause of premature death in the United States. Second-hand smoke (SHS) exposure also contributes to a number of premature deaths as well as other negative health outcomes. An accurate assessment of tobacco smoke exposure is critical to understanding these disease processes. The plasma concentration of cotinine, the primary metabolite of nicotine, is widely accepted as a quantitative measure of tobacco and SHS exposure. However, it is not always feasible to collect plasma. Dried blood spots (DBS), which are collected routinely from newborns and often from young children for lead screening, provide an alternative sampling method. We have developed a quantitative high throughput liquid chromatography tandem mass spectrometry method for the analysis of cotinine in DBS. The limit of quantitation was 0.3 ng/g (B 0.2 ng/ml plasma). Cotinine levels in DBS from 83 smokers and 99 non-smokers exposed to SHS were determined. Plasma cotinine concentrations in these subjects ranged from o0.02 to 443 ng/ml. Cotinine was detected in DBS from 157 subjects, and the correlation between cotinine in plasma and DBS was excellent, 0.992 (Po0.001). We also determined the ratio of trans 3 0 -hydroxycotinine to cotinine, a measure of nicotine metabolism, in DBS from smokers. This ratio in DBS was well correlated with the ratio in plasma, 0.94 (Po0.001). In a small study, we confirmed the feasibility of using extant DBS collected for lead screening to assess SHS exposure in children.
INTRODUCTION
Tobacco use is the major preventable cause of premature death in the United States, accounting for more than 400,000 annual deaths from cancer, cardiovascular and respiratory disease. 1, 2 Second-hand smoke (SHS) exposure in non-smokers increases the risk of lung cancer, cardiovascular disease and has a number of other negative health outcomes. Health effects in children include low birth weight, asthma, increased ear and respiratory infections, and sudden infant death. 3 An accurate assessment of tobacco smoke exposure is critical to understanding these disease processes in tobacco users and individuals exposed to SHS.
Plasma cotinine is widely accepted as a quantitative measure of tobacco use and SHS exposure. 4, 5 The P450 2A6-catalyzed conversion of nicotine to cotinine is the primary pathway of nicotine metabolism. 6 Cotinine has a half-life of 15-20 h compared with nicotine with a half-life of 0.5-3 h, therefore cotinine is preferred over nicotine as a marker of tobacco exposure. [4] [5] [6] Cotinine is further metabolized by P450 2A6 to trans 3 0 -hydroxycotinine (3 0 -HCOT). P450 2A6 activity varies across people and the ratio of 3 0 -HCOT to cotinine has been used as a measure of this variability. Cotinine has been quantified in a number of biological matrices, including urine, saliva, hair, and toenails, 4 and the 3 0 -HCOT/cotinine ratio has been routinely measured in plasma and urine and, to a lesser extent, in saliva.
Recently, dried blood spots (DBS), used for decades to screen for metabolic disorders in newborns, have become a popular sampling method for the quantitation of small molecules in blood. 7, 8 Phenylalanine was one of the first molecules analyzed in DBS, and its routine quantitation has allowed the analysis of phenylketonuria in millions of newborns. 9 The recent progress quantifying biomarkers using DBS is in part driven by advances in liquid chromatography tandem mass spectrometry (LC-MS/MS). With the advent of reliable LC-MS/MS methods, a single spot can be used to screen for 440 metabolic disorders. 7, 10 The analysis of small molecules in DBS has also been extended to therapeutic drug screening, pharmacokinetic and toxicological studies. 8 DBS are routinely used to screen young children for lead exposure. 8, 11 Biospecimen collection using DBS has some notable advantages. The finger-stick procedures are technically simple and do not require extensive training or expensive equipment. The procedure is appropriate for large population-based studies, especially involving small children, as only a small volume of blood is required. Transporting specimens is relatively nonhazardous. Methods to accurately measure cotinine in DBS could extend the capacity to measure tobacco exposure to populations that have been difficult to study.
Cotinine levels in DBS have been quantified in two small studies. 12, 13 One study measured cotinine in DBS of newborns from 20 mothers who reported smoking during pregnancy. In that study, the analysis was by GC-MS and the level of cotinine detected in DBS from newborns of non-smoking mothers was surprisingly high. The second, a feasibility study, quantified cotinine in DBS prepared from collected whole blood by LC APCI MS/MS analysis and concluded that quantifying cotinine in DBS would only be possible when high levels of SHS exposure occurred. The objective of our study was to develop a sensitive high throughput method to quantify cotinine in DBS from smokers and non-smokers exposed to both high and low levels of tobacco smoke. The method we developed used electrospray LC-MS/MS, which we and others have used for the analysis of plasma cotinine levels. [14] [15] [16] In anticipation of using DBS in future clinical and public health applications, we assessed the accuracy of DBS cotinine as a biomarker of tobacco smoke exposure by comparing it with plasma cotinine (considered a gold standard 4 ). In addition, to extend studies of tobacco exposure to the characterization of nicotine metabolism the ratio of 3 0 -HCOT to cotinine was quantified in DBS collected from smokers.
MATERIALS AND METHODS

Subject Recruitment and Sample Collection
For Study 1, the comparison of cotinine and 3 0 -HCOT in DBS and in plasma, participants were recruited from the Minneapolis-St. Paul, MN metropolitan area through advertisements. One cohort included current smokers (defined as smoking 1-12 cigarettes per day) and another included non-smokers who reported exposure to SHS. SHS exposure was confirmed by a plasma cotinine level 40.02 ng/ml. Eligibility criteria for both the cohorts were age 18-80 years and English-speaking. Exclusion criteria were weight o110 lbs. We recruited 83 smokers and 99 individuals with SHS exposure.
Participants were screened on the telephone and invited to a single visit. A brief current smoking history and SHS exposure questionnaire was administered, then a single blood sample (7 ml) and four DBS (12-mm diameter); two spots per blood spot sample card (purchased from MEDTOX Laboratories, St. Paul, MN, USA) were collected. Medtox cards use Ahlstrom 226 filter paper, which is comparable with Whatman 906, and its performance for the analysis of DBS is considered essentially equivalent. 17 The protocol for blood spot collection was as described by MEDTOX. 18 The DBS samples were stored at À 20 1C until analysis. Storage was at À 20 1C to allow future analysis of potentially less stable analytes. A subset of samples were stored at room temperature.
Study 2 was the evaluation of SHS exposure using DBS submitted for lead analysis. MEDTOX Laboratories provided 283 de-identified DBS collected from children Z4-10 years of age after lead analysis was complete. DBS were collected in November and December 2010 and January, February, June, and July of 2011. Children with lead levels 49 mg/ dl, the level established by the Center for Disease Control (CDC) as a concentration of concern in children, were excluded. MEDTOX supplied an anonymous administrative data set to accompany the DBS that included month of birth, race, sex, month of spot collection, Medicaid eligibility status, and lead level. Only 15 samples had lead levels Z5 mg/dl. Both studies were approved by the University of Minnesota Institutional Review Board.
Sample Preparation and Analysis
Methodology to elute cotinine and 3 0 -HCOT from DBS and prepare samples for LC-MS/MS analysis was developed in a 96-well plate format. DBS cotinine and 3 0 -HCOT levels were determined in punches from two DBS, collected from subjects at the same time (study 1). DBS cotinine and 3 0 -HCOT values were compared with plasma values from the same subjects (study 1). Negative controls were analyzed in all the plates and included DBS from non-tobacco-exposed control subjects and blank paper punches (details are provided below). To evaluate the stability of cotinine in DBS, the analysis of punches obtained at two different times from the same DBS was carried out. The time between analyses was from 11 months to 26 months, during which time DBS were stored at À 20 1C in a plastic sleeve in a storage box containing desiccant. A second group of samples were analyzed from 9 months to 11 months after storage at room temperature, in plastic sleeves in a binder.
The analysis was as follows: DBS were brought to room temperature and 1-3 punches (3.2 mm or 4.8 mm) were obtained, weighed and transferred to a 96-well collection plate. Filtered water (400 ml) and 50 ml of an internal standard solution containing 0.13 ng [d 3 -methyl]-cotinine (Toronto Research Chemicals, Toronto, Ontario, Canada) and 0.54 ng d 3 -methyl-3 0 -HCOT (Toronto Research Chemicals) were added to each well using a Quadra 4 solid phase extraction (SPE) liquid handling workstation (Tomtec, Hamden, Connecticut). The plate was shaken overnight at room temperature. The next day, samples were loaded on an Oasis MCX 96-well plate (2 mg sorbent material, particle diameter 30 mm and 1 ml cartridge volume, Waters Corporation, Milford, MA, USA), which had been activated with 200 ml methanol followed by 200 ml 0.5% formic acid (by volume). The columns were washed with 200 ml 0.5% formic acid and 200 ml methanol, then cotinine and 3 0 -HCOT were eluted with 60:40 acetonitrile: methanol (v/v) þ 2% ammonium hydroxide into tapered 96-well plates. Solvent was removed under a gentle stream of nitrogen, then the residue resuspended in 16 ml of 20 mM ammonium acetate (pH 6.7) and stored at À 20 1C before LC-MS/MS analysis. All SPE steps and nitrogen drying were performed on Quadra. Each 96-well plate contained two positive control samples, initially a plasma sample analyzed previously, 15 then a single 4.8 mm punch from DBS from the same individual. The last row on the plate (H) contained negative controls: three wells contained blank paper punches from blood cards, six wells contained no sample (water blank) and three wells contained punches from DBS (collected from non-smokers with plasma cotinine levels o0.02 ng/ml). The last column (12) contained additional negative controls, which were punches from blank paper adjacent to the DBS being analyzed on the plate. A stock solution containing cotinine and 3 0 -HCOT was prepared in water and stored at À 20 1C. Standards were prepared by applying a range of concentrations (0.2-102 ng/g) to blood spot sample cards, drying the cards and collecting a DBS from nonsmokers. Standards were also prepared by adding cotinine and/or 3 0 -HCOT to the water in which blank or non-smoker DBS were shaken. The recovery was the same.
Linearity of the quantitation of cotinine in DBS was determined over a range of concentrations (0.3-102 ng/g, n ¼ 16). The correlation coefficient for the expected to actual concentration was 0.989. The intra-day accuracy and precision were determined by analyzing replicates (n ¼ 4) of 12 concentrations (0.6-60 ng/g) and by calculating the mean value, SD and the relative SD (RSD). The percentage of accuracy (found concentration/ added Â 100%) ranged from 93% to 107%, (mean ± SD, 99 ± 4.9%). The mean RSD was 7.6% (ranging from 3% to 11%).
Plasma samples were analyzed for cotinine and 3 0 -HCOT using essentially the same 96-well plate format described above for DBS. Briefly, plasma (50-200 ml) was added to each well and then 400 ml filtered water and 50 ml internal standard was added, the plate was shaken for 5 min, then immediately worked up as for DBS. Each 96-well plate contained two positive control plasma samples and water blanks in row H. Plasma samples were analyzed in triplicate. The limit of quantitation (LOQ) with 200 ml of plasma was 0.02 ng/ml for cotinine and 0.05 ng/ml for 3 0 -HCOT. 14 A relatively large volume of plasma was used to confirm little or no tobacco exposure in non-smokers when cotinine was not detected in DBS from these individuals despite their report of SHS exposure. LC-MS/MS analysis was on an Eksigent nanoLC-Ultra and AS-2 autosampler (Eksigent, Dublin, CA, USA) interfaced to a Thermo TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific, Waltham, MA, USA). The samples (8 ml) were injected onto 150 Â 0.50 mm Luna C18 (3 mm particle size), silica-based, reverse phase capillary column (Phenomenex, Torrance, CA, USA). Cotinine and 3 0 -HCOT were eluted isocratically with 85% 20 mM ammonium acetate:15% acetonitrile and analyzed by selected reaction monitoring. The ESI source was operated in the positive ion mode with a collision energy of 25 V for cotinine and 20 V for 3 0 -HCOT, the s-lens set to 90 V, the collision gas pressure set to 1. 0 -HCOT were calculated using peak areas from the above transitions. For each plate, the mean d 0 :d 3 ratios were calculated for the negative control samples (described above). This mean ratio was used as a measure of background peak areas due to cotinine contamination or co-eluting peaks. For 3 0 -HCOT analysis, there was no significant background peak. However, the average d 0 :d 3 cotinine ratios of the negative controls on 10 plates ranged from 0.007 to 0.02, which would correspond to a cotinine level of 0.9-2.6 pg per sample. The average negative control ratio on a plate (n ¼ 19) was subtracted from the ratios calculated for each sample. Corrected ratios o1.5 times the average negative control ratio for a plate were reported as not detected. The LOQ for three 4.6 mm punches was from 0.2 ng cotinine/g to 0.3 ng cotinine/g DBS. LOQ for 3 0 -HCOT was 0.2 ng/g.
Statistical Analysis
Study one assesses the reliability and validity of cotinine and the 3 0 -HCOT/cotinine ratio measured from DBS. The intraclass correlation evaluated repeatability and reproducibility from two independent replications of the DBS assay and from a subset of samples where two cotinine values were measured 11-26 months apart. To determine validity, the DBS cotinine and 3 0 -HCOT/cotinine ratio were compared with the same values obtained from the plasma (the gold standard) using the Spearman correlation coefficient. These two cotinine parameters had an extremely skewed distribution with some very high values, thus a non-parametric correlation was used based on rank order. Study 2 DBS cotinine levels were summarized by subject characteristics using the median and range. These subject variables included age in months, sex, race, Medicaid status, collection month, and lead level. Non-parametric methods were used for the univariate analysis of these variables on cotinine levels. Statistical procedures included the Wilcoxon rank sum test and the Spearman correlation coefficient. All statistical analyses were performed using SAS, version 9.3 (SAS institute, USA). P-values o0.05 were considered statistically significant.
RESULTS
Characterization of Cotinine and 3 0 -HCOT in DBS by LC-MS/MS
To quantify cotinine in DBS, multiple punches per sample were used and cotinine was expressed as ng/g DBS. The average weights of punches of the filter paper and the DBS are listed in Table 1 . For samples from smokers with plasma cotinine concentrations 410 ng/ml, 3.2 mm punches were used and for lower concentrations, typically SHS-exposed subjects, 4.8 mm punches were used. The use of a 4.8-mm punch allowed three punches per spot and maximized the amount of sample analyzed. By weight, the amount of blood in three 4.8 mm punches was about 1.5 times that in a 6.4-mm punch, the size typically used in the analysis of small molecules in DBS. LC-MS/MS chromatograms for DBS from an active smoker (a, plasma cotinine 69 ng/ml) and an individual who was exposed to SHS (b) are presented in Figure 1 . Both cotinine (6.92 min) and 3 0 -HCOT (5.35 min) were detected. The cotinine peak detected in the DBS from the SHS-exposed individual (6.45 min) was 4100 times the signal to noise. 3 0 -HCOT, which elutes 0.03 min past the d 3 -3 0 -HCOT (5.07 min) was not detected in this DBS sample with a cotinine level of 0.57 ng/g. In analyzing samples in the 96-well plate format, trace amounts of cotinine and a closely eluting peak (7.16 min) were detected in the negative control samples, blank paper, and DBS from individuals with no detected SHS exposure (Figure 1c , plasma cotinine o0.02 ng/ml). The LOQ for the analysis of cotinine in DBS was set at 2.5 times the mean cotinine value determined in the negative control samples analyzed in each plate. The average of the mean negative control value for 10 96-well plates was 1.3 ± 0.8 pg per sample, resulting in an average LOQ for SHS-exposed subjects (with three 4.8 mm punches) of 0.24 ng/g DBS.
Correlation of Cotinine and the 3 0 -HCOT:Cotinine ratio in DBS with the Values in Plasma Cotinine levels were quantified in DBS collected from 83 smokers and 99 non-smokers exposed to SHS. The non-smokers reported living with someone who smoked and being exposed to SHS in their homes within the past 24 h. Smokers' plasma cotinine values ranged from 443 ng/ml to 0.9 ng/ml; the range in individuals reporting SHS exposure was from 56 ng/ml to o0.02 ng/ml. Detectable levels of cotinine in DBS were quantified in all samples with plasma cotinine concentrations 40.08 ng/ml (n ¼ 157). The Spearman correlation coefficient for cotinine values in plasma and in DBS for these samples was 0.992 (Po0.001, Figure 2 ). The correlation coefficient in subjects with plasma cotinine concentrations o10 ng/ml (4 smokers and 72 SHS exposed individuals) was also high, 0.973 (Po0.001, Figure 2 insert). The mean ratio (±SD) of cotinine in DBS (ng/g) to cotinine in plasma (ng/ml) was 1.49 ± 0.41. Replicate analyses were carried out on 139 samples with plasma cotinine concentrations from 443 ng/ml to 0.08 ng/ ml. The intraclass correlation between the two independent determinations was 0.995 (Po0.001, Figure 3 ). In the two subsets of samples, one stored at À 20 1C and one stored at room temperature, a second independent analysis of DBS cotinine was carried out. For the samples stored at À 20 1C, the two analyses were carried out 11-26 months apart. The intraclass correlation between the two values obtained was 0.992 (Po0.001) and was not dependent on the time of storage. The samples stored at room temperature were analyzed 10 months apart and the intraclass correlation was 0.986 (Po0.001). Ten samples used as positive controls (cotinine, 252 ng/g to 0.37 ng/g DBS) were analyzed independently 6-15 times each, the mean coefficient of variation for these samples was 0.13 ± 0.048. 3 0 -HCOT levels in DBS and plasma were analyzed for all samples with mean plasma cotinine values Z10 ng/ml (n ¼ 81). 3 0 -HCOT in plasma ranged from 183 ng/ml to 0.2 ng/ml and in DBS from 242 ng/g to 0.4 ng/g. The mean ( ± SD) 3 0 -HCOT to cotinine ratio in plasma was 0.36 ± 0.25 (median, 0.336; range 0.005-1.16), in DBS the ratio was 0.36±0.25 (median, 0.324, range 0.008-1.3). The Spearman correlation coefficient for plasma 3 0 -HCOT/cotinine and DBS 3 0 -HCOT/cotinine was 0.94 (Po0.001, Figure 4 ).
Study 2 DBS Cotinine in Children Screened for Lead Exposure
To test the feasibility of analyzing cotinine in extant DBS that had been analyzed for lead exposure, we obtained de-identified samples collected from children aged 4-10 years. Cotinine was detected in 166 of 283 samples (58.7%). The characteristics of the subjects are presented in Table 2 . Cotinine level ranged from not detected (o0.3 ng/g) to 55 ng/g (B37 ng/ml plasma based on the plasma to DBS relationship established in Study 1). There was no difference in the median DBS cotinine level by collection month, race, or Medicaid status. There was a weak but significant correlation of cotinine level with age. Cotinine levels were higher in female subjects (P ¼ 0.004) and in subjects with lead levels Z2 mg/dL. Cotinine levels in DBS correlated with lead levels (r ¼ 0.36, Po0.001).
DISCUSSION
An excellent correlation between plasma cotinine concentrations and cotinine levels in DBS was documented in both smokers and individuals exposed to SHS. The correlation between independent analyses from DBS collected at the same time was also excellent. Together these data confirm the accuracy of DBS cotinine as a biomarker of tobacco smoke exposure. Sampling DBS is typically carried out using 6.4 mm or less frequently 3.2 mm punches. The volume of blood in a 6.4-mm punch on average has been determined to be 12 ml, 19 and this volume is used to express a concentration of analytes in DBS. However, the volume of blood contained in each punch may vary with hemocrit due to difference in the viscosity of the blood and the flow of blood to a particular region of the paper. 7, 20 To minimize the effect of variability in blood per punch on the quantitation of cotinine, we used multiple punches per sample and expressed cotinine as ng/g DBS. This likely contributed to the reproducibility of our cotinine DBS quantitation and its close correlation with plasma cotinine concentration.
DBS are collected routinely from newborns and are often the blood collection method used to screen young children for elevated lead exposure. Lead screening of children at 1 and 2 years of age is recommended by the CDC and the American Academy of Pediatrics and has become a routine part of healthcare providers' practice. [21] [22] [23] The youngest age of children in the National Health and Nutrition Examination Survey (NHANES) for whom plasma cotinine has been measured is 3 years old. 24 Therefore, the availability of DBS from infants and toddlers and the method to quantify cotinine in these samples presents an exciting opportunity to study SHS exposure in children not routinely surveyed.
A few studies have used DBS from infants to assess environmental exposures. For example, the level of perflourinated compounds in DBS from newborns was shown to decline after the year 2000, when the manufacture of perfluorooctane sulfonate-related compounds was being phased out. 25 The analysis was carried out by LC-MS/MS on pooled 6.4 mm DBS punches. More recently, Spector et al. 12 reported that DBS cotinine from infants of smoking women (n ¼ 20) were significantly higher than the levels detected when the mother was a self-identified non-smoker (n ¼ 10). Quantification of cotinine in this study was by GC/MS and had a relatively high LOQ.
To our knowledge, DBS collected for lead screening have not been analyzed for environmental exposures other than trace elements. 26 In a small study, we have confirmed the feasibility of using these extant DBS to assess SHS exposure in children. Cotinine was detected in 450% of the samples analyzed and the level in children with lead levels Z2 mg/dl was significantly higher than the level in those with lead levels o2 mg/dl. The percentage of children aged 3-11 years with detectable cotinine in the NHANES was 54%, comparable with what we report here. An association between cotinine and blood lead levels in children in the NHANES has been reported. 27, 28 However, a recent study carried out with children at a primary care clinic in San Francisco, CA, USA found no relationship between cotinine and lead levels. 29 In anticipation of collecting and using DBS in studies of tobacco-related disease not only to measure tobacco exposure but also to characterize nicotine metabolism and P450 2A6 activity, we have quantified the 3 0 -HCOT to cotinine ratio in DBS from smokers. As was true for DBS cotinine, the correlation of the 3 0 -HCOT to cotinine ratio in DBS with the ratio in plasma was excellent. In addition, the mean and median ratios obtained in the two matrices were almost identical and the range of values Figure 2 . Correlation between dried blood spots (DBS) cotinine and plasma cotinine (E smokers, B self-reported non-smokers exposed to second-hand smoke). The insert is for plasma cotinine values o10 ng/ml. The P-value is based on the non-parametric Wilcoxon rank sum test.
c
The P-value is derived from the non-parametric Spearman correlation.
comparable with those reported previously. 30, 31 The use of DBS in large epidemiology studies would be a huge benefit as both the collection and storage of DBS is significantly easier than for plasma (or saliva) samples.
We have characterized DBS cotinine and the DBS 3 0 -HCOT: cotinine ratio as reliable biomarkers of tobacco exposure and nicotine metabolism, respectively. Both biomarkers accurately reflect the levels of these measures in plasma. Recently, we have completed two studies that use DBS cotinine as a biomarker of tobacco exposure. Both studies use extant DBS, one uses samples from children r4 years of age collected for lead screening 32 and the other uses samples from newborns. In addition to future studies in these two populations, DBS cotinine can be used as a convenient biomarker of tobacco exposure in many types of clinical and epidemiology studies.
